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Abstract: The scotogenic scenario provides an attractive approach to both Dark Matter
and neutrino mass generation, in which the same symmetry that stabilises Dark Matter
also ensures the radiative seesaw origin of neutrino mass. However the simplest scenario
may suer from inconsistencies arising from the spontaneous breaking of the underlying Z2
symmetry. Here we show that the singlet-triplet extension of the simplest model naturally
avoids this problem due to the presence of scalar triplets neutral under the Z2 which aect
the evolution of the couplings in the scalar sector. The scenario oers good prospects for
direct WIMP Dark Matter detection through the nuclear recoil method.
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1 Introduction
The popularity of the Standard Model of particle physics rests upon its enormous success
in explaining weak interaction phenomena [1] in terms of weak gauge boson exchange, their
explicit discovery by the UA1 and UA2 experiments [2, 3], and more recently the historic
discovery of the Higgs boson [4, 5]. However, there is a number of experimental indications
showing that the Standard Model must be extended. Within these experimental hints we
can name two: on the one hand, the neutrino oscillations, a phenomenon that is intimately
connected to neutrino masses, and on the other, the existence of a large component of Dark
Matter in the Universe.
The discovery that neutrino avours change when these particles propagate, honoured
with the Nobel prize in 2015, has been conrmed in a number of independent experiments
and constitutes a landmark in particle physics [6{11]. By now neutrino oscillation mea-
surements have reached the precision era with the neutrino mixing angles and their square
mass dierences well determined [12].
Nevertheless, the good knowledge of the neutrino oscillation stays short of unveiling the
underlying mechanism responsible for neutrino mass generation [13]. The simplest operator
capable of inducing Majorana neutrino mass terms is the d = 5 Weinberg operator [14],
which can be realised in a variety of ways in terms of heavy messenger exchange in the

















On the other hand, the standard model of cosmology indicates that most of the Uni-
verse is made up of dark stu. In particular Dark Matter constitutes most of the total
mass in the Universe, and its existence is strongly indicated by a variety of observations
on smaller scales. These suggest that galaxies and galaxy clusters in the Universe as a
whole contain far more matter than what is directly observable. Indeed, about 85% of the
matter of the Universe is made of a type that cannot be observed via its electromagnetic
coupling [25]. This is the Dark Matter problem whose ultimate physics interpretation, just
like neutrino oscillations, remains a challenge.
In an attempt to understand both phenomena, it has been suggested by Ma that the
smallness of neutrino mass may have its roots on the stability of Dark Matter [26], two of
the major drawbacks of the Standard Model that require new particle physics. Indeed the
scotogenic model is based on the validity of a Z2 parity symmetry which plays a double
role, namely stabilising the Z2-odd Dark Matter particle on the one hand, and ensuring
the radiative origin of neutrino mass on the other. This provides a very simple setting
containing a Dark Matter candidate and generating a naturally suppressed neutrino mass
at one-loop level. One of the ingredients of Ma's model is a new scalar doublet charged
under the Z2 symmetry, similar to the inert doublet model [27]. In addition, fermion singlets
are added. In both cases, future prospects in Dark Matter direct detection experiments
are challenging [28].
Moreover, it has been shown that the simplest scheme suers from a potentially se-
vere problem, namely that loop eects [29, 30] may drive the mass parameter of the inert
scalar present in the model towards negative values [31]. This behaviour would lead to the
spontaneous breaking of the Z2 symmetry required for consistency at low energies and has
thus been called the parity problem: without the Z2 parity, the model would lose its Dark
Matter candidate, and the neutrino mass would no longer come from a one-loop radiative
seesaw mechanism. Here we show how this problem is naturally avoided in a simple exten-
sion of Ma's idea, the singlet-triplet scotogenic model proposed in [32], partly with the aim
of achieving good prospects for direct Dark Matter detection in the scotogenic scenario.
The aim of the present work is to study the Z2 problem of the scotogenic models within
the singlet-triplet extension. We analyse in detail how the extra ingredients of the model
open up the possibility of naturally preserving the Z2 symmetry, since the inclusion of
scalar triplets neutral under the Z2 will change the running of the couplings in the scalar
sector. Mimicking the basic features of the supersymmetry-based WIMP scenario in a
simpler and realistic way, our model can ensure an adequate production of Dark Matter in
the early Universe as well as sizeable Dark Matter tree-level detection rates through the
nuclear recoil method. As mentioned, apart from stabilising the lightest particle odd under
the Z2 symmetry, this provides a way to realise the Weinberg operator radiatively, giving
thus a way to explain both phenomena by means of simple Standard Model extensions
potentially accessible at the LHC.
The paper is organised as follows: we start in section 2 by reviewing the singlet-
triplet scotogenic model, where we also make a few simplications compared to the original
reference. Our main results are presented in section 3, where we analyse the impact of the

















Standard Model Fermions Scalars
L e   N  

Generations 3 3 1 1 1 1 1
SU(2)L 2 1 2 3 1 2 3
U(1)Y -1/2 -1 1/2 0 0 1/2 0
Z2 + + +       +
Table 1. Matter content and quantum numbers of the singlet-triplet scotogenic model.
can be naturally avoided in this extended setting. We nally conclude in section 4. The
full set of renormalisation group equations for the singlet-triplet scotogenic model, which
has been derived for the rst time within this work, are listed in appendix A.
2 The model
Let us rst review the singlet-triplet scotogenic model [32]. The model is based on the
standard gauge symmetry SU(3)c  SU(2)L U(1)Y, extended by a discrete Z2 parity.
In addition to the Standard Model leptons and quarks, both even under Z2, the model
contains two additional SU(2)L fermion elds: the singlet N and the triplet , both having
vanishing hypercharge and being odd under Z2. The scalar sector of the model is extended
as well, with the inclusion of the doublet , also odd under Z2, and the real triplet 
, even
under Z2. The lepton and scalar sectors of the model, as well as the charge assignment
under SU(2)L, U(1)Y and Z2, are shown in table 1.
In this paper we will use the standard 2  2 matrix notation for the SU(2)L triplets,























The most general SU(3)c  SU(2)L U(1)Y, Lorentz and Z2 invariant Yukawa La-
grangian is given by
  LY = Y e L  e + Y N L ~ N + Y  L ~ + Y
  
N + h.c. (2.2)
Here, gauge contractions are omitted for the sake of compactness, avour indices ;  =
1; 2; 3 are indicated explicitly, and we denote ~ = i2
, as usual. The  and N fermions
are allowed to have Majorana mass terms,





MN N cN + h.c. (2.3)
Finally, the scalar potential of the model is given by























































































Before moving on to discussing theoretical constraints on the scalar potential, we note that
our notation for the Lagrangian in eqs. (2.2), (2.3), and (2.4) diers slightly from the one in
ref. [32] in two ways: (i) the scalar potential has been rewritten, removing some redundant
terms and renaming the remaining ones, and (ii) the normalisation of some couplings and
mass terms is dierent. Moreover, the triplets  and 
 also have a dierent normalisation,
as it is shown in the eq. (2.1).
2.1 Theoretical constraints
The couplings in the scalar potential in eq. (2.4) are subject to a number of constraints
originating solely from theoretical considerations to be outlined in this subsection. First,
we should ensure that the potential is bounded from below, as otherwise there is no stable
minimum around which a perturbative expansion is feasible. The second constraint origi-
nates from this expansion being perturbatively valid, i.e. that the scalar quartic couplings
in eq. (2.4) are . O(1).
In the Standard Model only a single condition is necessary and sucient for the poten-
tial to be bounded from below, namely that the Higgs quartic coupling be positive,  > 0.
Adding a second Higgs doublet complicates the situation: simple algebraic relations that
ensure the boundedness cannot be found unless further symmetry assumptions are made,
e.g. an additional Z2 parity under which the two doublets have dierent quantum numbers,
cf. refs. [33, 34].
Given that, in the present model, we have two scalar doublets and a triplet, nding
analytic criteria for the boundedness from below of the potential is rather involved. As
was noted before, the most general scalar potential allowed by the symmetries of the model
contains redundant terms that have been removed in eq. (2.4) by appropriate redenitions





. Consequently, the scalar potential is a function of the real and
positive eld bilinears







In addition, the mixed bilinear h212 = 
y can be parametrised as h212 = jh1jjh2jei, with
jj < 1 by virtue of the Cauchy-Schwarz inequality, 0  y  jjjj.












1CA  0; (2.6)




0B@ 1 3 + 2 (4   j5j) 12














In this expression, the phases  and arg(5) have been chosen such that the term propor-
tional to 5 is minimal.
1




























The condition xTV4x  0 for xi = h2i  0 is known as co-positivity of the matrix V4,
which has been well described in ref. [35]. Using the approach outlined in this reference,
necessary and sucient conditions for the scalar potential (2.4) to be bounded from below
can be obtained. In the case where 4 + j5j  0, we can set 2 = 0 { the minimum of the
potential as a function of 2 { and in the opposite case, where 4 + j5j < 0, we may x
2 = 1. This yields the conditions:
1  0; 2  0; 
2  0; (2.8a)
3 +
p
12  0; 345 +
p





2  0;  +
q
22
2  0; (2.8c)































where | as in eq. (2.8b) | we should replace 3 7! 345 in case that 4 + j5j < 0.
Finally, note that considering eld congurations of components of ; ; or 
 will
yield equivalent or redundant expressions to eqs. (2.8), because the h21;2;3 are all SU(2)L
invariant, as pointed out in ref. [35].2
2.2 Symmetry breaking





 ; h0i = 0 ; (2.9)
with v; v
 6= 0. These vacuum expectation values (VEVs) are restricted by the tadpole
equations


































v2 1 = 0 ; (2.11)
obtained from the scalar potential in eq. (2.4), i.e. ti  @V@vi is the tadpole of vi. Given the
non-trivial  and 
 charges under SU(2)L, the v and v




















2Such an approach could be useful in a case where more \unphysical" parameters such as  appear in































We estimate that v
 cannot be larger than 4:5 GeV@3 [1] in order to be compatible with
electroweak precision tests, in particular those coming from the measurement of the 
parameter.





the mass matrix for the Z2-even and CP-even neutral scalars is given by
M2S =
 




























The lightest of the S mass eigenstates, S1  h, is identied with the 125 GeV state recently
discovered at the LHC [4, 5]. Regarding the Z2-even charged scalars, their mass matrix in
the basis ( ; 


























Finally, we comment on the Z2-odd scalars 0; states. First, we decompose the neutral





R + i I

: (2.16)
Due to the conservation of the Z2 symmetry, the R;I; elds do not mix with the rest of














































 2 : (2.19)






 is controlled by the 5 coupling and
vanishes for 5 = 0. In this limit lepton number is recovered making the neutrinos massless,
as shown below.
Finally, we emphasise that the vacuum in eq. (2.9) preserves the Z2 scotogenic parity.
This implies the existence of a stable neutral particle which can play the role of the Dark
Matter of the Universe.
2.3 Neutrino masses
The Z2-odd elds 0 and N get mixed by the Yukawa coupling Y
 and the triplet VEV,
v



































Figure 1. 1-loop neutrino mass in the singlet-triplet scotogenic model. Here 0   R; I and
  (1; 2).
The mass eigenstates 1;2 are obtained after rotating to the mass basis via the 2  2























M  MN : (2.22)
The singlet-triplet scotogenic model generates neutrino masses at the 1-loop level, as
shown in gure 1. We emphasise that this gure actually includes four 1-loop diagrams,




























































1CCA  V T () ; (2.24)
and I(m21;m
2
2) is a Passarino-Veltman function evaluated in the limit of zero external




leads to vanishing neutrino masses due to an exact
cancellation between the R and I loops. This was indeed expected, since the special






































































(MΣ , MN ) =(1.5, 1.0) TeV
(MΣ , MN ) =(1.5, 1.0) TeV
(MΣ , MN ) =(1.5, 5.0) TeV
Figure 2. Running of the combinations of scalar quartic couplings relevant for the potential to be
bounded from below (left panel) and of lightest inert scalar mass mR (right panel). Vertical dashed





is equivalent to 5 = 0, in which case one can dene a conserved lepton
number. As a consequence of this, the choice 5  1 becomes natural in the sense of 't
Hooft [37], since the limit 5 ! 0 enhances the symmetry of the model.
3 Numerical analysis
We now discuss the running of the model parameters numerically, where we closely follow
the approach of ref. [31]. The reader is referred to this reference concerning the techni-
cal details.
First, we would like to direct the readers attention to gure 2, where the running of
the conditions (2.8) (left panel) and the lightest inert scalar mass parameter (right panel)
is shown. The dierent colours in the right panel correspond to dierent values of fermion
masses as indicated in the plot, where a scalar triplet mass parameter m2
 =  (900 GeV)2
has been chosen. Here, a negative m2
 is required by virtue of the tadpole equation (2.11):
since we must have v
  v, either 
1;2 need to be very large, making the setting non-
perturbative, or m2
 and/or 1 must be negative to solve the tadpole equation. However,
applying the tadpole equations to the charged scalar mass matrix, we nd that the physical
charged Higgs mass m2H  1v
 , and thus 1 > 0 is required. Consequently, we need m2
 < 0
to realise large triplet masses. In addition, we have veried that the conditions (2.8) are
never violated for the examples shown. As an illustration, the left panel of gure 2 shows
the running of the bounded-from-below conditions, see eqs. (2.8), for one of the settings in
the right panel (solid green line).
It can be concluded from gure 2 that the situation is similar to the simplest scotogenic
model in the sense that, once the heavy fermions become dynamic (i.e., above the renor-
malisation scale   M=N ), the RGEs of the inert mass mR contain large and negative
terms that may eventually drive m2R to negative values and induce Z2 breaking, cf. the last
two terms in eq. (A.24):
m2   3m2
 + 322 + 2





































































































Figure 3. Parameter scan of the model for dierent ranges of .
Exactly that behaviour is the reection of the parity problem in the singlet-triplet sco-
togenic model. However, there is a substantial dierence with respect to the simplest
scotogenic scenario, namely the presence of a scalar triplet eld 
 which can counteract
this eect. The interplay of fermion and scalar masses is manifest in the RGE (A.24),
where in addition to the (generically negative) fermionic contributions, there are other
contributions such as m2   3m2
. Depending on the sign of this contribution the
breaking of Z2 can occur at higher scales or can be evaded all together. This behaviour
can be clearly observed for the green curves in gure 2, but the eect is limited if  is
restricted to magnitudes in the perturbative regime. More importantly, the dimensionful
triple scalar couplings 1;2 yield potentially large and positive contributions to eq. (3.1).
The relevant term for the running of the inert scalar masses reads m2  +322. For a
suciently large 2, this contribution can outweigh that of the fermions N and , such
that the scheme can remain consistent up to very high scales, as illustrated by the red
curve in gure 2. Note that even though we have increased 2 signicantly, the eect on
the physical mass is negligible. This is due to the fact that 2 enters the relation for the
physical masses (2.17){(2.19) multiplied by v
, which is forced to be very small. Finally, if
the fermionic contributions dominate, as for the blue curve with MN = 5 TeV, the scalar
contributions are practically irrelevant.
In order to better understand the impact of the running eects on the parameter space,
we show in gure 3 a parameter scan of the model in the mR-m plane. To this end, we
have chosen to x the following parameters:
M = 1:5 TeV; MN = 2:0 TeV; 2 = 0:2; 5 = 10
 9; Y
 = 0:3; (3.2)
while m, 1, and 1 are xed by the tadpole equations for v
 = 0:5 GeV, and the re-
quirement of nding a 125 GeV CP-even scalar in the spectrum, which is identied with
the Higgs boson. The Yukawa couplings YN and Y are chosen according to an adapted























































































Figure 4. Parameter scan of the model for 2 = 100 GeV and 2 = 1 TeV.
parameters are varied in the following ranges generating a total of 50 000 points:
(100 GeV)2  m2  (1500 GeV)2;  (1500 GeV)2  m2
   (500 GeV)2;
 1  3; 4; 
1  1; 0  
2  1; 0  2  100 GeV:
For this set of parameters, the resulting Yukawa couplings are of the order of  10 1.
The range of  has been chosen dierently for the left and right panels of gure 3, as
given above each gure. We terminate the running at a scale  = 1016 GeV, motivated by
theories of grand unication. However, this is a merely practical choice and just as good
as any other high scale, since no gauge coupling unication is required in this model. Any
parameter point that runs up to this scale is considered valid and marked as a green point.
Parameter combinations violating the bounded from below conditions (2.8) or perturba-
tivity are excluded from the plot. The remaining points indicate the breaking of Z2 and
the corresponding scale at which the breaking occurs is displayed with a colour scale.
Quite generally, we see from gure 3 that the Z2 breaking scale rises with the inert
masses, as expected. However, due to the large parameter space, the variation of the
breaking scale for a given combination of masses is sizeable. Most notably, we see that, if
 > 0, we are able to nd many viable settings for almost all values of the masses mR
and m . In contrast, restricting 
 to negative values no viable setting is found. The
reason for this is that the breaking scale of Z2 is now generally lowered by the scalar triplet
contribution to the running of m2, as highlighted in gure 2.
Similarly, glancing at gure 4 where we keep 2 xed and vary  1    1 at the input
scale, one observes that the impact of very large 2 is as anticipated. For 2 = 100 GeV
(left panel), Z2 breaking occurs for most of the points with inert scalar masses . 500 GeV.
However, for 2 = 1 TeV most of the points turn out to be valid, even for such low scalar
masses.4 Simultaneously, the overall scalar mass scale is unchanged due to 2 entering the
physical masses suppressed by the small triplet VEV.
4The choice 2 = 1 TeV is in fact quite natural, given that the RGE (A.22) contains the fermion masses
M=N . We also note that large trilinear couplings are known to destabilize the scalar potential due to
their negative contributions to loop induced quartic scalar couplings. However, using the results of [39] we

















In conclusion, the coupling  in combination with the mass scale of the scalar triplet,
and the dimensionful scalar coupling 2 may counteract the typical fermionic corrections
to the inert scalar masses. Thus, they are the crucial ingredients that can naturally save
the model from running into inconsistencies due to the breaking of the parity symmetry
and provide a motivation for the presence of additional bosonic degrees of freedom in
scotogenic-type models.
4 Summary and discussion
In this paper we have re-visited the scotogenic scenario, as it provides a common approach
to the Dark Matter and neutrino mass generation problems, in which the same symmetry
that stabilises Dark Matter also ensures the radiative seesaw origin of neutrino mass. We
have carefully considered the behaviour of the required Z2 symmetry. In contrast to the
simplest scenario, we have shown how the spontaneous breaking of Z2 can be naturally
avoided in the singlet-triplet extension of the simplest model, up to fairly large energy
scales, thanks to the presence of scalar triplets neutral under the Z2 which aect the
evolution of the couplings in the scalar sector.
The singlet-triplet scotogenic model has a rich phenomenology and can be tested in
several experimental fronts. For instance, scenarios with light scotogenic states and sizable
Yukawa couplings lead to observable lepton avor violating (LFV) processes in the next
round of experiments [40]. In this case, bounds from LFV searches set strong constraints,
to be added to those discussed in this paper. We note, however, that the LFV observ-
ables with the most stringent bounds, such as  ! e, can be suppressed with specic
parameter choices.
Finally, the scenario also oers good prospects for direct WIMP Dark Matter detection
in nuclear recoil experiments, in ways quite analogous to supersymmetric Dark Matter sta-
bilised by R-parity conservation. As shown in [32], the introduction of the 
 scalar triplet
not only lowers the required dark matter masses (as compared to the pure singlet or triplet
scotogenic models) due to the N   0 mixing that enhances coannihilation processes, but
also allows for dark matter direct detection via tree-level scalar exchange. As a consequence
of this, the singlet-triplet scotogenic model produces direct detection cross-sections large
enough to be observed in future experiments such as XENON1T.
A Renormalisation group equations










where t = log ,  being the energy scale, and 
(n)
c is the n-loop  function. In this paper,
we used SARAH [41, 42] to compute the  functions of all parameters in R gauge at the
1-loop level. We summarise our results here. Notice that we drop the superindex (1) for


























g3 =  7g33 (A.4)















g211   9g221 + 1221 + 423 + 434 + 224






























































g212   9g222 + 1222 + 423 + 434 + 224








































g213   9g223 + 613 + 623 + 423 + 214























































































































































































































+ 2 ()2 (A.11)













































































































































































































































































































































g221 + 211 + 4






























































































A.6 Scalar mass terms
m2









































































1 m2 + 6g22m2
   5
2 m2
























AM acknowledges partial support by the European Union FP7 ITN INVISIBLES (Marie
Curie Actions, PITN-GA-2011-289442) and by the Micron Technology Foundation, Inc.
This work is supported by the Spanish grants FPA2014-58183-P, Multidark CSD2009-
00064, SEV-2014-0398 (MINECO) and PROMETEOII/2014/084 (Generalitat Valenciana).
MP acknowledges support from the IMPRS-PTFS. NR was funded by becas de postdoc-
torado en el extranjero Conicyt/Becas Chile 74150028. AV acknowledges nancial support
from the \Juan de la Cierva" program (27-13-463B- 731) funded by the Spanish MINECO.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
References
[1] Particle Data Group collaboration, K.A. Olive et al., Review of Particle Physics, Chin.
Phys. C 38 (2014) 090001 [INSPIRE].
[2] UA1 collaboration, G. Arnison et al., Experimental Observation of Isolated Large Transverse
Energy Electrons with Associated Missing Energy at
p
s = 540 GeV, Phys. Lett. B 122
(1983) 103 [INSPIRE].
[3] UA2 collaboration, M. Banner et al., Observation of Single Isolated Electrons of High
Transverse Momentum in Events with Missing Transverse Energy at the CERN pp Collider,
Phys. Lett. B 122 (1983) 476 [INSPIRE].
[4] ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].
[5] CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS

















[6] Super-Kamiokande collaboration, Y. Fukuda et al., Evidence for oscillation of
atmospheric neutrinos, Phys. Rev. Lett. 81 (1998) 1562 [hep-ex/9807003] [INSPIRE].
[7] Super-Kamiokande collaboration, Y. Ashie et al., Evidence for an oscillatory signature in
atmospheric neutrino oscillation, Phys. Rev. Lett. 93 (2004) 101801 [hep-ex/0404034]
[INSPIRE].
[8] Super-Kamiokande collaboration, S. Fukuda et al., Determination of solar neutrino
oscillation parameters using 1496 days of Super-Kamiokande I data, Phys. Lett. B 539
(2002) 179 [hep-ex/0205075] [INSPIRE].
[9] SNO collaboration, Q.R. Ahmad et al., Direct evidence for neutrino avor transformation
from neutral current interactions in the Sudbury Neutrino Observatory, Phys. Rev. Lett. 89
(2002) 011301 [nucl-ex/0204008] [INSPIRE].
[10] KamLAND collaboration, K. Eguchi et al., First results from KamLAND: Evidence for
reactor anti-neutrino disappearance, Phys. Rev. Lett. 90 (2003) 021802 [hep-ex/0212021]
[INSPIRE].
[11] M. Maltoni, T. Schwetz, M.A. Tortola and J.W.F. Valle, Status of global ts to neutrino
oscillations, New J. Phys. 6 (2004) 122 [hep-ph/0405172] [INSPIRE].
[12] D.V. Forero, M. Tortola and J.W.F. Valle, Neutrino oscillations retted, Phys. Rev. D 90
(2014) 093006 [arXiv:1405.7540] [INSPIRE].
[13] J.W. Valle and J.C. Romao, Neutrinos in high energy and astroparticle physics, John Wiley
and Sons (2015).
[14] S. Weinberg, Varieties of Baryon and Lepton Nonconservation, Phys. Rev. D 22 (1980) 1694
[INSPIRE].
[15] M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unied Theories,
print-80-0576 CERN (1979).
[16] T. Yanagida, Horizontal Symmetry And Masses Of Neutrinos, KEK lectures, O. Sawada and
A. Sugamoto eds. (1979).
[17] R.N. Mohapatra and G. Senjanovic, Neutrino Mass and Spontaneous Parity
Nonconservation, Phys. Rev. Lett. 44 (1980) 912 [INSPIRE].
[18] J. Schechter and J.W.F. Valle, Neutrino Masses in SU(2) x U(1) Theories, Phys. Rev. D 22
(1980) 2227 [INSPIRE].
[19] J. Schechter and J.W.F. Valle, Neutrino Decay and Spontaneous Violation of Lepton
Number, Phys. Rev. D 25 (1982) 774 [INSPIRE].
[20] G. Lazarides, Q. Sha and C. Wetterich, Proton Lifetime and Fermion Masses in an SO(10)
Model, Nucl. Phys. B 181 (1981) 287 [INSPIRE].
[21] R.N. Mohapatra and J.W.F. Valle, Neutrino Mass and Baryon Number Nonconservation in
Superstring Models, Phys. Rev. D 34 (1986) 1642 [INSPIRE].
[22] E.K. Akhmedov, M. Lindner, E. Schnapka and J.W.F. Valle, Left-right symmetry breaking in
NJLS approach, Phys. Lett. B 368 (1996) 270 [hep-ph/9507275] [INSPIRE].
[23] E.K. Akhmedov, M. Lindner, E. Schnapka and J.W.F. Valle, Dynamical left-right symmetry
breaking, Phys. Rev. D 53 (1996) 2752 [hep-ph/9509255] [INSPIRE].
[24] M. Malinsky, J.C. Romao and J.W.F. Valle, Novel supersymmetric SO(10) seesaw

















[25] G. Bertone, D. Hooper and J. Silk, Particle dark matter: Evidence, candidates and
constraints, Phys. Rept. 405 (2005) 279 [hep-ph/0404175] [INSPIRE].
[26] E. Ma, Veriable radiative seesaw mechanism of neutrino mass and dark matter, Phys. Rev.
D 73 (2006) 077301 [hep-ph/0601225] [INSPIRE].
[27] N.G. Deshpande and E. Ma, Pattern of Symmetry Breaking with Two Higgs Doublets, Phys.
Rev. D 18 (1978) 2574 [INSPIRE].
[28] A. Ibarra, C.E. Yaguna and O. Zapata, Direct Detection of Fermion Dark Matter in the
Radiative Seesaw Model, Phys. Rev. D 93 (2016) 035012 [arXiv:1601.01163] [INSPIRE].
[29] R. Bouchand and A. Merle, Running of Radiative Neutrino Masses: The Scotogenic Model,
JHEP 07 (2012) 084 [arXiv:1205.0008] [INSPIRE].
[30] A. Merle and M. Platscher, Running of radiative neutrino masses: the scotogenic model |
revisited, JHEP 11 (2015) 148 [arXiv:1507.06314] [INSPIRE].
[31] A. Merle and M. Platscher, Parity Problem of the Scotogenic Neutrino Model, Phys. Rev. D
92 (2015) 095002 [arXiv:1502.03098] [INSPIRE].
[32] M. Hirsch, R.A. Lineros, S. Morisi, J. Palacio, N. Rojas and J.W.F. Valle, WIMP dark matter
as radiative neutrino mass messenger, JHEP 10 (2013) 149 [arXiv:1307.8134] [INSPIRE].
[33] M. Maniatis, A. von Manteuel, O. Nachtmann and F. Nagel, Stability and symmetry
breaking in the general two-Higgs-doublet model, Eur. Phys. J. C 48 (2006) 805
[hep-ph/0605184] [INSPIRE].
[34] G.C. Branco, P.M. Ferreira, L. Lavoura, M.N. Rebelo, M. Sher and J.P. Silva, Theory and
phenomenology of two-Higgs-doublet models, Phys. Rept. 516 (2012) 1 [arXiv:1106.0034]
[INSPIRE].
[35] K. Kannike, Vacuum Stability Conditions From Copositivity Criteria, Eur. Phys. J. C 72
(2012) 2093 [arXiv:1205.3781] [INSPIRE].
[36] J. Chakrabortty, P. Konar and T. Mondal, Copositive Criteria and Boundedness of the
Scalar Potential, Phys. Rev. D 89 (2014) 095008 [arXiv:1311.5666] [INSPIRE].
[37] G. 't Hooft, NATO Sci. Ser. B 59 (1980) 135 [INSPIRE].
[38] J.A. Casas and A. Ibarra, Oscillating neutrinos and muon ! e; , Nucl. Phys. B 618 (2001)
171 [hep-ph/0103065] [INSPIRE].
[39] K.S. Babu and C. Macesanu, Two loop neutrino mass generation and its experimental
consequences, Phys. Rev. D 67 (2003) 073010 [hep-ph/0212058] [INSPIRE].
[40] P. Rocha-Moran and A. Vicente, Lepton Flavor Violation in the singlet-triplet scotogenic
model, arXiv:1605.01915 [INSPIRE].
[41] F. Staub, SARAH 4 : A tool for (not only SUSY) model builders, Comput. Phys. Commun.
185 (2014) 1773 [arXiv:1309.7223] [INSPIRE].
[42] F. Staub, Exploring new models in all detail with SARAH, Adv. High Energy Phys. 2015
(2015) 840780 [arXiv:1503.04200] [INSPIRE].
{ 16 {
